A folate enzyme, FDH (10-formyltetrahydrofolate dehydrogenase; EC 1.5.1.6), is not a typical tumour suppressor, but it has two basic characteristics of one, i.e. it is down-regulated in tumours and its expression is selectively cytotoxic to cancer cells. We have recently shown that ectopic expression of FDH in A549 lung cancer cells induces G1 arrest and apoptosis that was accompanied by elevation of p53 and its downstream target, p21. It was not known, however, whether FDH-induced apoptosis is p53-dependent or not. In the present study, we report that FDHinduced suppressor effects are strictly p53-dependent in A549 cells. Both knockdown of p53 using an RNAi (RNA interference) approach and disabling of p53 function by dominantnegative inhibition with R175H mutant p53 prevented FDHinduced cytotoxicity in these cells. Ablation of the FDH-suppressor effect is associated with an inability to activate apoptosis in the absence of functional p53. We have also shown that FDH elevation results in p53 phosphorylation at Ser-6 and Ser-20 in the p53 transactivation domain, and Ser-392 in the C-terminal domain, but only Ser-6 is strictly required to mediate FDH effects. Also, translocation of p53 to the nuclei and expression of the pro-apoptotic protein PUMA (Bcl2 binding component 3) was observed after induction of FDH expression. Elevation of FDH in p53 functional HCT116 cells induced strong growth inhibition, while growth of p53-deficient HCT116 cells was unaffected. This implies that activation of p53-dependent pathways is a general downstream mechanism in response to induction of FDH expression in p53 functional cancer cells.
INTRODUCTION
Activation of the p53 tumour suppressor protein, through its elevation and post-translational modification in response to various types of cellular stress, induces either cell cycle arrest or apoptosis [1, 2] . The p53 protein is usually present at low levels but it accumulates in genotoxic stress-induced cells, resulting in transcriptional activation of cell cycle checkpoint genes and/or apoptotic genes [3, 4] . It can also be activated by a non-genotoxic stress [4] . Among the factors that activate p53 in the absence of DNA damage are: expression of oncoproteins [5] , non-genotoxic drugs [6] , ribonucleotide pool depletion [7] and hypoxia [8] . In more than 50 % of tumours, the function of p53 is impaired by mutations of the p53 gene [9, 10] . Moreover, even in cells with the wild-type p53 phenotype the p53 pathway can still be inactive [10] . Mechanisms that can cause the failure of p53 function include: an enhanced rate of p53 degradation through an Mdm2 (murine double minute clone 2 oncoprotein)-dependent pathway [11, 12] ; expression of proteins that interact with p53 and prevent its functioning by cytoplasmic sequestration [10] ; and the absence of co-activators [13, 14] . In addition, defects in pathways upstream or downstream of p53 might also interfere with the wild-type p53 function [10] .
Folate deficiency is among the factors that can induce genomic instability and apoptosis, although the underlying mechanisms are largely unknown [15] . Folate coenzymes are crucial for cell integrity because of their involvement in nucleotide biosynthesis and DNA methylation [16] . Therefore, defects in folate metabolism can lead to apoptosis through multiple mechanisms, including: depletion of cellular nucleotide pools [7] , misincorporation of uracil into DNA and accumulation of DNA abnormalities [17] , and impairment of methylation processes [18] . Several studies demonstrated that apoptosis induced by folate deficiency appears to be p53 dependent [19] , although it is not clear at present which of these mechanisms is more likely to trigger a p53-dependent apoptotic cascade in response to folate-related stress. Folates also attract attention because their analogues are potent anticancer drugs [20] . Inhibitory effects of anti-folates on molecular and cellular levels were intensively investigated [20] [21] [22] , including studies of the role of p53 in these effects [23, 24] . These studies led to the conclusion that discrimination between p53-related and p53-unrelated responses of these drugs depends upon the phenotypic/genotypic background [23, 24] , apparently reflecting different requirements for folate metabolism in different cell types.
It has been demonstrated that a folate-dependent enzyme, TS (thymidylate synthase), directly binds p53 mRNA, preventing its translation and down-regulating p53 levels [25] . Binding of TS to its physiological folate substrate, 5,10-methylenetetrahydrofolate, dramatically decreases the RNA binding activity [26] , which should prevent TS-mediated suppression of p53 mRNA translation. This finding suggests an additional mechanism, through regulation of TS function, by which folates could affect p53-dependent pathways. Another folate enzyme, FDH (10-formyltetrahydrofolate dehydrogenase; EC 1.5.1.6), might also be a part of p53-regulating network [27] . We have demonstrated that FDH, which has long being viewed as an ordinary metabolic enzyme [28] , possesses properties of a tumour suppressor: it is strongly and ubiquitously down-regulated in tumours, and moderate FDH expression, at below physiological levels, is selectively cytotoxic to FDH-deficient cancer cells [29] . We have also shown that expression of FDH in FDH-deficient human lung carcinoma cell line A549 with wild-type p53 induces G1 arrest and apoptosis that were accompanied by elevation of p53 and its downstream target, p21 [27] . It was not clear, however, whether FDH-induced apoptosis is p53-dependent or not [27] . In the present study, we report that FDH-induced suppressor effects are strictly p53-dependent in A549 cells. We also show that activation of p53 after FDH expression occurs through phosphorylation of Ser-6, Ser-20 and Ser-392 and is followed by expression of a pro-apoptotic protein PUMA (Bcl2 binding component 3).
MATERIALS AND METHODS

Reagents
Reagents and buffers were purchased from Sigma unless otherwise specified. Antibodies against Bax, Bcl2 and BclXL were a gift from Dr Yi-Te Hsu (Department of Biochemistry and Molecular Biology, Medical University of South Carolina, Charleston, SC, U.S.A.).
Cell culture
Cell media and reagents were purchased from Invitrogen unless otherwise indicated. Antibiotics and Tet-certified serum were purchased from Clontech. Tet-On A549/FDH stable cell line for inducible FDH expression was generated in our previous studies [27] . cell proliferation assay as we described previously [27] . MTT cell proliferation assay was performed using a CellTiter 96 ® kit (Promega) according to the manufacturer's directions.
Transient transfection
Tet-On A549/FDH cells were transfected with pCEP4-175 plasmid carrying cDNA for an R175H p53 mutant [a gift from Dr Jennifer Pietenpol (Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, TN, U.S.A.)] using FuGENE6 reagent (Roche Molecular Biochemicals). Efficiency of transfection was estimated by co-transfection with pEGFP-N3 vector (Clontech) expressing GFP (green fluorescent protein). Transient transfection of HCT116 cells with pcDNA3.1 bearing FDH cDNA was performed essentially as we described previously [29] . In experiments with H1299 cells, the pCEP4 vector bearing the wild-type/mutant p53 cDNA was either co-transfected into the cells with pcDNA3.1 ('empty' vector), or co-transfected with pcDNA 3.1 bearing FDH cDNA. Experiments were performed using Lipofectamine 2000. In control experiments co-transfection of corresponding pCEP4 vector with pEGFP-N3 vector was performed to ensure similar transfection efficiency between experiments. Transfection efficiency in these experiments was between 40 and 50 %. For each mutant p53 and for the wildtype p53, experiments were performed four times to minimize the influence of deviation of transfection efficiency.
Generation of stable cell line with knocked-down p53 gene using an RNAi (RNA interference) approach
The pSUPER-p53 RNAi System TM (Oligoengine) was used to generate a stable Tet-On A549/FDH cell line with knockeddown p53 gene by an RNAi approach. Tet-On A549/FDH cells at about 80 % of confluence were co-transfected with two vectors, pSUPER-p53 TM (Oligoengine) and pPUR (BD Dickinson), in the ratio 3:1 using the Superfect ® Transfection reagent (Qiagen). After 48 h, cells were passaged at a 1:10 ratio into selection medium with 0.5 µg/ml puromycin. Puromycin-resistant clones were characterized for levels of p53 mRNA by reverse transcriptase-PCR. Total RNA was purified with RNA Easy ® Protect Mini Kit (Qiagen). Reverse transcriptase reaction was performed with oligo(dT) 18 primer using the BD SMART TM cDNA Synthesis Kit (Clontech). PCR was carried out with p53 sequence-specific primers, 5 -TGGATTGGCAGCCAGACTGCCTTCC-3 (sense) and 5 -GTGGGAGGCTGTCAGTGGGGAACAA-3 (antisense), using Pfu polymerase (Stratagene). Samples were normalized for the levels of ribosomal protein S9.
Immunoblot assays
Lysates from approx. 1 × 10 6 cells were subjected to SDS/PAGE followed by immunoblotting with the corresponding antibodies. FDH was detected using FDH-specific polyclonal antiserum (1:2000 dilution); p53 and actin were detected using monoclonal antibodies from Calbiochem (0.1 µg/ml and 1:5000 dilution, respectively). Polyclonal antibodies against phosphorylated p53 were from AnaSpec, (Ser-6; 1.5 µg/ml), Cell Signaling (Ser-9, Ser-15, Ser-37, Ser-46 and Ser-392; 1:500) and Santa Cruz Biotechnology (Ser-20; 1:200). In all experiments a Hybond TM -ECL ® nitrocellulose membrane and an ECL ® detection kit (both from Amersham Pharmacia Biotech) were used according to the manufacturer's protocol. In each case membranes were washed and re-probed for the levels of actin.
Assay of apoptosis
Apoptotic cells were detected by annexin V labelling or by assaying caspase-9/6. Cells were labelled with annexin V and PI (propidium iodide) using an Annexin-V-FLUOS Staining Kit (Roche Molecular Biochemicals). Experiments were performed according to the manufacturer's protocol. All cells (attached and floating) were used in these experiments. Annexin V and PI staining was detected by cell flow cytometry. Activity of caspase-9/6 was assayed using ApoAlert TM Caspase Assay Kit (BectonDickinson).
Immunofluorescence
Cells grown in Lab-Tek TM II Chamber Slide System (Nalge Nunc International) were treated with doxycycline for the indicated periods of time. Slides were fixed for 5 min with absolute methanol at − 10
• C, air-dried and incubated for 30 min in PBS containing 10 % (v/v) goat serum. Incubation with primary anti-p53 antibodies (Calbiochem, 2.5 µg/ml) was performed for 1 h followed by incubation with secondary goat anti-mouse antibodies labelled with Alexa Fluor ® 488 (Molecular Probes, 5 µg/ml) in a dark chamber for 45 min and counterstaining with TO-PRO ® -3 iodide (Molecular Probes). After each step, slides were washed with PBS. Slides were mounted with VECTASHIELD ® HardSet TM Mounting Medium (Vector Laboratories). Fluorescent images were captured and processed using a Leica TCS SP2 AOBS scanning confocal microscope.
Site-directed mutagenesis
Mutants of p53 were generated by site-directed mutagenesis using QuikChange kit (Stratagene). The mutated plasmid was sequenced entirely to confirm introduction of a mutation and to ensure the absence of non-specific nucleotide changes. 
Nucleotide assays
ATP levels were measured using an ATP Bioluminescence Assay Kit CLSII (Roche) according to the manufacturer's directions. Approximately 10 5 cells were used in this assay. Luminescence was measured using a Sirius Luminometer (Berthold Detection System). Each experiment was performed in triplicate. GTP, CTP and UTP levels were measured simultaneously by HPLC using a Symmetry C18 column (4.6 × 250 mm, 5-µm-diam. particles; Waters) and a Waters 515 dual-pump solvent delivery system according to a published procedure [29a] . The elution solvents were (A) 100 mM H 3 PO 4 , pH 6.2 (triethylamine), and (B) 100 mM H 3 PO 4 , 5 mM MgSO 4 , pH 6.2 (triethylamine), with a linear gradient of 0-100 % solvent B. Peaks were detected at 254 nm using a Waters 2487 dual-wavelength absorbance detector. Calibration of the assay was performed with NTPs obtained from Sigma. A 20 µl aliquot of cell extract prepared according to [29b] (representing approx. 3 × 10 6 cells) was used in a chromatography run. Nucleotide concentrations were quantified by peak area against corresponding standards using the Millenium software (Waters). Assays were performed in duplicate. Levels of dNTP were measured by HPLC according to a published procedure [29c] .
RESULTS
Effects of FDH expression on A549 cells transiently transfected with R175H mutant p53
To suppress p53 function we transfected Tet-On A549/FDH cells with a pCEP4-175 vector bearing mutant p53 cDNA. In this mutant p53, Arg-175 is replaced with histidine. This mutant lacks the ability to interact with target DNA sequences and is inactive in induction of both cell cycle arrest and apoptosis [30] . Moreover, expression of this mutant inhibits wild-type p53 function in a dominant-negative manner [31] . We observed significant elevation of p53 protein levels in the cells transfected with pCEP4-175 vector compared to the cells mock-transfected with the 'empty' pCEP4 vector (Figure 1 , upper panel) that was indicative of mutant p53 expression. Transfection efficiency in these experiments was approx. 40 % as estimated from co-transfection with vector expressing GFP. Induction of FDH by doxycycline revealed a four times greater number of viable cells in a population expressing p53 mutant than in the control cells with only wild-type p53 (Figure 1) . These experiments suggest that expression of the R175H p53 mutant inhibits the suppressor activity of FDH.
Effects of FDH expression on A549 cells with knocked down p53
We generated Tet-On A549/FDH cells with knocked down p53 using an RNAi approach [32] with the pSUPER-p53 RNAi System TM . We were able to select stable clones that showed almost complete loss of p53 mRNA and p53 protein (results for one of these clones are shown in Figures 2A and 2B) . To study the FDH impact on p53 knocked down cells, we induced expression of FDH with 2.5 µg/ml doxycycline in original Tet-On A549/FDH cells and in the cells with knocked down p53. We observed that the two cell lines expressed approximately equal levels of FDH after induction ( Figure 2B ). After FDH induction, cells with knocked down p53 demonstrated steady-state proliferation ( Figure 2C ). In contrast, original cells capable of p53 expression revealed complete inhibition of proliferation and strong cytotoxicity after FDH induction ( Figure 2C ). These results demonstrated that, compared with the p53-proficient cells, the p53-deficient cells were essentially not sensitive to the suppressor effect of FDH. Cells with knocked down p53 were resistant to even higher FDH levels achieved either with higher doxycycline concentrations ( Figure 3A) or by transient transfection ( Figure 3B ). Transient expression in these experiments allows us to produce higher intracellular levels of FDH compared with inducible expression (compare Figures 3A and 3B ). These levels, however, still did not suppress proliferation.
We further treated the p53 functional and p53 knocked down cells with Act D (actinomycin D) (50 nM) for 24 h. Act D is believed to specifically induce apoptosis through a p53-dependent pathway [33] . In the original Tet-On A549/FDH cells, Act D treatment resulted in p53 elevation and strong cytotoxicity (Figures 2B and 2C) . On the other hand, in p53-knocked down cells, p53 elevation was significantly lower ( Figure 2B ) and these cells did not die ( Figure 2C ). Annexin V assays demonstrated that cells with knocked down p53 did not initiate apoptosis in response to FDH induction or Act D treatment, in contrast to p53-expressing cells ( Figure 4A ). At 48 h after FDH induction or at the beginning of Act D treatment, in A549 cells with functional p53 the content of apoptotic cells was 32 % and 36 % respectively compared with 0.5 % in non-treated cells ( Figure 4B ). In contrast, in the cells with knocked down p53 the content of apoptotic cells was at background levels (2.3 % and 3.4 % respectively compared with 0.7 % of non-treated cells, Figure 4B ).
Influence of transient FDH expression on HCT116 cells with functional and non-functional p53
We have also compared effects of FDH expression in isogenic cell lines, HCT116 p53+/+ and p53−/− [34] . We observed that transient FDH expression resulted in accumulation of p53 in p53 functional cells (p53+/+) and caused strong growth inhibition ( Figure 5 ). In contrast, transient expression of FDH in p53-deficient cells (p53−/−) did not inhibit proliferation ( Figure 5 ).
Intracellular distribution of p53 after FDH expression
We studied the intracellular redistribution of p53 after induction of FDH expression in Tet-On A549/FDH cells. The p53 protein was monitored by staining with p53-specific first antibodies and fluorescent second antibodies. At 36-48 h post-induction, intense staining of nuclei was observed (Figure 6 ), suggesting translocation of p53 from the cytoplasm. Counterstaining with the chromatin-specific dye, TO-PRO ® -3, confirmed the preferential nuclear localization of p53 at that time ( Figure 6 ).
FDH elevation results in p53 phosphorylation and expression of the pro-apoptotic protein PUMA
We examined whether elevation of p53 after FDH induction is also accompanied by phosphorylation. Phosphorylation of p53 occurs at multiple sites [35] . In our experiments, phosphorylation at Ser-6, Ser-9, Ser-15, Ser-20, Ser-37 and Ser-46 located in the transactivation domain of p53, and at Ser-392 located in the regulatory domain, were evaluated. FDH induction resulted in phosphorylation of p53 at Ser-6, Ser-20 and Ser-392, while other serines in the transactivation domain remained unphosphorylated ( Figure 7) . Phosphorylation of Ser-392 was observed as early as 18 h post-induction of FDH, while phosphorylation of serines in the transactivation domain was observed beginning 24 h after FDH induction. Our experiments further revealed expression of the pro-apoptotic protein PUMA, a critical mediator of p53-induced apoptosis [36] , in response to FDH induction ( Figure 7) . We did not observe changes in the protein levels of the other members of the Bax family of proteins, pro-apoptotic Bax and Noxa and anti-apoptotic Bcl2 and BclXL (results not shown).
Mutation of Ser-6 of p53 protects cells from FDH-induced apoptosis
To study whether phosphorylation at multiple Ser residues of p53 is required for the suppressor effects of FDH we changed each of the serine residues that are phosphorylated in response to FDH induction to alanine. Corresponding mutants (S6A, S20A and S392A) were co-expressed with FDH in the H1299 lung carcinoma cell line, which is p53-and FDH-deficient. Expression of the wild-type p53 itself in these cells inhibited proliferation, but the inhibitory effect was enhanced by the presence of FDH ( Figure 8B ). Likewise, higher levels of p53 in FDH-expressing H1299 cells were observed ( Figure 9A ). These effects were not changed when FDH was co-expressed with S20A or S392A p53 mutants ( Figures 9C-9E ): FDH-associated p53 accumulation, enhanced cell death and induction of apoptosis were observed for these mutants. In contrast, mutation of Ser-6 of p53 to alanine prevented p53 accumulation in response to FDH expression and completely abolished p53-related suppressor effects of FDH ( Figures 9C-9E ).
FDH expression decreases the intracellular ATP/GTP pools
We have hypothesized that FDH exerts its antiproliferative effects on cancer cells through depletion of intracellular purine nucleotide pools. One of the most important nucleotide pools is ATP. In addition to involvement in DNA/RNA biosynthesis and repair, it is required for numerous reactions to supply energy. We observed that expression of FDH resulted in a 2.5-fold decrease in intracellular ATP levels 48 h post-induction ( Figure 9A ). In contrast, treatment with Act D did not cause ATP depletion ( Figure 9A ), suggesting that the decrease in ATP levels is a specific characteristic of FDH-induced apoptosis. We also observed significant depletion of GTP after FDH expression, but not of CTP or UTP (Table 1) . Overall, these results indicate that FDH elevation causes decreased levels of purine ribonucleoside triphosphates. In contrast, we did not detect decrease in the levels of dNTPs after FDH expression (results not shown).
DISCUSSION
We have previously demonstrated that expression of FDH in p53-proficient A549 cells induces G1 arrest and apoptosis, and is accompanied by elevation of p53 and its downstream target, p21 [27] . In most cases p21 is a negative modulator of apoptosis [37] . Therefore, its up-regulation in FDH-induced A549 cells implies that apoptosis may occur through additional, p53-independent mechanisms. Indeed, it has been reported that p53-independent apoptosis takes place in A549 cells under conditions of p53 accumulation and G1 cell cycle arrest [38] . Our earlier finding that FDH suppresses p53-deficient cells [29] also suggests that p53 might not be required for FDH-induced cell death in these cells. Taken together, these results provide support for the possibility that more than one mechanism of cytotoxicity is operative in different cell lines in response to FDH expression. While the underlying basis for mechanisms of FDH cytotoxicity in p53-proficient and p53-deficient cells is not clear, in the present studies we have shown that functional p53 is required to mediate FDH-induced suppressor effects in A549 cells. Both knockdown of p53 using a RNAi approach [39] and disabling of p53 function by dominantnegative inhibition with mutant p53 [31] prevented FDH-induced cytotoxicity in these cells. The requirement for functional p53 for the suppressor effects of FDH was further confirmed in HCT116 cells, a common model for studies of p53-dependent responses [34] . The finding that elevation of FDH in p53 functional HCT116 cells induced strong growth inhibition, while growth of p53-deficient HCT116 cells was unaffected, implies that activation of p53-dependent pathways could be a general downstream mechanism in response to induction of FDH expression in p53 functional cancer cells. Apparently, ablation of FDH-induced suppressor effects in p53-deficient cells is associated, first of all, with the inability to activate apoptosis in the absence of functional p53.
Accumulation of p53 in response to cellular stress is associated with release from a complex with Mdm2, the protein involved in p53 ubiquitination and degradation [40, 41] . This release and consequent stabilization of p53 and its activation as a transcription factor can occur through phosphorylation at several residues within the N-terminal transactivation domain [40, 41] . Moreover, phosphorylation at specific residues can cause p53 to initiate transcription of cell cycle checkpoint proteins or apoptotic proteins [1] . FDH-mediated p53 accumulation was accompanied by phosphorylation at Ser-6 and Ser-20, both of which have been implicated in the activation of apoptosis. It has also been shown that phosphorylation at Ser-6 activates p53 by enhancing its tetramerization and stability [42] , although phosphorylation at Ser-20 leads to stabilization of p53 by weakening its interaction with Mdm2 [43] . Furthermore, phosphorylation of Ser-20 correlates with induction of p21, a transcriptional target of p53 that is involved in G1 arrest [44] . This is consistent with our studies that demonstrated elevation of p21 associated with FDH expression [27] . Phosphorylation of Ser-392 of the p53 C-terminal domain, known to enhance p53 tetramer formation and to increase its DNA binding ability and transcriptional activity [45, 46] , was also seen in these experiments. It has been proposed that phosphorylation at Ser-392 might facilitate phosphorylation at the transactivation domain due to a more favourable conformation induced by the tetramer formation [42, 47] . Our studies further revealed that Ser-6 is required to mediate suppressor effects of FDH and the two other Ser residues were not important in this model and therefore their phosphorylation could be a secondary effect.
Although the well-established mechanism of p53-induced apoptosis is transcriptional regulation of target genes, it has been recently reported that cytoplasm-localized p53 could exert apoptosis-inducing effects by activating the apoptotic protein Bax through direct interaction [48] . Furthermore, translocation of p53 to mitochondria followed by inhibition of the apoptosis-protective function of anti-apoptotic proteins BclXL and Bcl2 can increase the permeabilization of the mitochondrial outer membrane and result in cytochrome c release [49] . This suggests a potential alternative mechanism for induction of apoptosis by p53. In our experiments, however, translocation of p53 into nuclei after FDH expression suggests the action of p53 occurs through a mechanism of transcriptional activation of apoptotic proteins. Indeed, expression of PUMA, one of the major apoptotic targets of p53 transcriptional activity [36] , was seen after FDH induction. Thus the FDH-induced cellular response downstream of p53, that includes expression of the cell cycle-regulating protein p21 and the pro-apoptotic protein PUMA, is consistent with the recent finding that the balance between PUMA and p21 is crucial in determining p53-mediated effects [50] . There are several potential pathways by which FDH could activate p53. Firstly, FDH could activate p53 indirectly through influence on intracellular folate pools. The downstream mechanisms leading to p53 activation could include: altered cellular methylation [18] ; nucleotide pool depletion [7] ; and accumulation of DNA abnormalities [17] . Secondly, effects of FDH on p53 could be unrelated to its catalytic function. Indeed, there is growing body of evidence that many enzymes, so-called 'moonlighting' proteins, possess multiple unrelated functions [51] . The list of enzymes that have a function in apoptosis, perhaps unrelated to their catalytic activities, includes: cytochrome c [52] , apoptosis-inducing factor [53] , and glyceraldehyde-3-phosphate dehydrogenase [54] . It has been reported that TS, a folatedependent enzyme, down-regulates p53 at a translational level, through direct interaction with p53 mRNA [25] . Although it is not clear whether FDH could function through a similar mechanism or not, the recently solved crystal structure of FDH N-terminal domain indicates the presence of a potential RNA-binding site [55] . If FDH activates the p53 pathway by a folate-unrelated mechanism it is also not clear whether FDH acts on p53 itself or upstream of p53 through activation of, for example, one of the p53-phosphorylating kinases.
While the direct influence of FDH on p53 or its upstream effectors remains a hypothetical possibility, FDH elevation in our experiments depleted ATP/GTP pools, implying a role for the nucleotide-related mechanism in p53 activation. Activation of p53 by nucleotide pool depletion could potentially proceed through two mechanisms: either purine ribonucleotide depletion can be directly sensed by p53 by an as yet unknown mechanism [7] , or insufficient purine deoxyribonucleotide concentrations could initially lead to DNA breakage that would further result in activation of the p53 pathway [56] . In our experiments, dNTP pools were not decreased, suggesting that the latter mechanism does not take part in activation of p53. It would be expected that depletion of ribonucleotide pools should influence, to some extent, cell proliferation even in the absence of p53. Indeed, slowing down of cell proliferation after FDH induction (by about 30 %) was observed in p53-deficient cells. However, apoptosis was not initiated in these cells and they were not responsive to the cytotoxic effects of FDH.
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